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Abstract 
A great deal of eye movement research has resulted in sophisticated computational 
models of skilled adult reading.  As yet, insufficient eye movement research has been 
conducted with children to allow a more thorough understanding of the 
developmental trajectory leading up to this end state.  I argue that, in order to fully 
understand how children progress to skilled adult reading, it is necessary to consider 
changes in both cognitive processing, and also in their eye movement behavior.  By 
recording children’s eye movements during reading, researchers can document how 
printed text is encoded and incrementally delivered for subsequent, cognitive 
processing, and understand how developmental changes in these two aspects of 
reading are interdependent upon one another. 
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While current literacy schemes are effective, it is still the case that around 33% of 
children in Grade IV has reading skills classed as “Below Basic” (National Center for 
Educational Statistics, 2011). Without question, the ability to read and write fluently 
is vital for people to fully realize their potential within society.  Thus, educational 
practice must continue to be informed by cutting edge research.  I argue that eye 
movement research, long since used to understand skilled adult reading, should be 
used to improve our knowledge of how children progress from beginning to skilled 
reader. 
 
Eye Movements and Skilled Adult Reading 
Eye movements provide a highly sensitive index of cognitive processing during 
reading (Rayner, 1998, 2009), affording an insight into the reader’s allocation of 
attention across the words within a sentence, and how the eye movement and 
cognitive systems operate in order for the reader to encode and process text (Reichle, 
Liversedge, Pollatsek & Rayner, 2009).  Visual acuity limitations, as a function of 
retinal eccentricity, require the reader to move their eyes in order that printed 
information falls within foveal vision (though parafoveal pre-processing is also a vital 
component of reading).  Eye movement research has provided a detailed 
understanding of the psychological processes that underlie two key decisions for a 
reader: when, and where, to move the eyes (Rayner, 1998, 2009).  A number of 
complex cognitive processing mechanisms underlie such behavior.  They are not yet 
fully understood; however, several sophisticated computational models can account 
for many of the eye movement patterns that are observed (Reichle, Pollatsek, Fisher 
& Rayner, 1998; Engbert, Nuthmann, Richter & Kliegl, 2005).  These models provide 
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a strong theoretical framework for studying the moment-to-moment processing 
associated with reading, and continue to stimulate much experimental research. 
Despite the success of these models, it is only recently that significant effort has 
been made to extend them to children’s data (Reichle, Liversedge, Drieghe, Blythe, 
Joseph, White & Rayner, 2013).   As context, it is worth briefly considering the 
experimental literature in this area.  There is a substantial literature on eye movements 
during reading (i.e., 483 references cited in Rayner, 2009, though some of these relate 
to non-reading tasks).  A careful review demonstrates, however, that the vast majority 
of this research is based on adult readers and fewer than 30 studies have included a 
sample of children (Blythe & Joseph, 2011).  That is not to say that there has been 
little research investigating children’s reading development; rather, that very little eye 
movement research has been conducted with children.  This is largely a consequence 
of practical limitations associated with using older equipment (e.g., the need for bite 
bars and head restraints with the Dual Purkinje Image system); recent, technological 
developments within video-based systems have made it significantly easier to record 
eye movements from young children.  Such work would be extremely beneficial to 
our understanding of literacy development. 
 
Children’s Eye Movements during Reading 
By the second grade of school (6- to 7-years), many children can identify a number of 
words without phonological decoding (Juel, Griffith & Gough, 1986)2; however, they 
are still clearly ‘beginning readers’.  I use the term ‘beginning readers’ to refer to 
individuals in the period of reading development where simple sentences can be read 
and where the majority of encountered words can be identified without phonological 
decoding, up to skilled adult reading levels (not in reference to younger children who 
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are progressing through the stages of single word identification summarized by Ehri, 
2005).  It is vital to study in detail the developments that underlie these slightly later 
years of literacy development for a number of reasons.  First, such research will 
inform theoretical models of learning to read, addressing the current imbalance 
between understanding of skilled adult reading and of the developmental trajectory 
leading up to this optimal end state (or not, in the case of reading disorders).  Second, 
this phase of literacy development should be considered in the context of an important 
educational transition – following on from learning to read, a child must become 
capable of reading to learn (Chall, 1996).  Educational attainment becomes at least 
partially dependent upon reading ability once a child reaches the point when reading 
becomes a core tool for learning.  A useful example is vocabulary acquisition: a 
substantial portion of an adult’s vocabulary is learned, not through explicit instruction, 
but through encountering new words within text (e.g., Nagy, Herman & Anderson, 
1985).  Eye movement research has the potential to be extremely informative in this 
area, providing insight into how children process and learn unknown words within 
text (e.g., Blythe et al., 2012). 
In early studies of children’s eye movements during reading, basic changes with 
age were documented, showing that, with increasing age, children have shorter 
fixation durations, make fewer fixations and regressions per sentence, and have 
smaller saccade amplitudes (Buswell, 1922; McConkie, Zola, Grimes, Kerr, Bryant & 
Wolff, 1991; Rayner, 1978, 1985a; Taylor, 1965).  These differences are generally 
considered to be a consequence (as opposed to the cause) of the reader’s processing 
difficulty, given that manipulations of text difficulty can elicit similar changes in 
adults’ eye movement behavior (Rayner, 2009).  The fact that eye movement behavior 
provides a sensitive index of developmental changes in cognitive processing makes it 
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an ideal tool with which to study the progression from beginning to skilled reader 
(Blythe & Joseph, 2011; Joseph, Nation, & Liversedge, 2013). 
More recent work has investigated the effects of specific manipulations within the 
text upon children’s eye movement behavior in comparison to adults.  Similar to adult 
readers, children’s fixation durations are affected by word frequency – high frequency 
words (words that are encountered relatively frequently) receive shorter fixations than 
low frequency words (words that are encountered relatively infrequently) (Blythe, 
Liversedge, Joseph, White & Rayner, 2009; Joseph et al., 2013; Valle, Binder, Walsh, 
Nemier & Bangs, 2013).  Frequency effects reflect the time course of word 
identification, with that process being quicker for words that are commonly 
encountered, and demonstrate that, from as young as 7 years, a child’s cognitive 
processing affects decisions as to when to initiate a saccade during reading (see Fig.1).  
In contrast, there are also some striking differences between adults’ and children’s eye 
movements during reading.  I will discuss these in the context of developmental 
changes in cognitive processing, and argue that the relationship between eye 
movements and cognitive processing is key to understanding how children progress 
from beginning to skilled readers. 
 
Visual Encoding: The Gatekeeper for Linguistic Processing in Reading 
To reiterate, the major theoretical models of eye movements during reading posit 
a fundamental link between eye movements and cognition such that lexical processing 
is the key determinant of when the eyes move, and there is a substantial evidence base 
supporting this link (Rayner, 1998, 2009). Alongside this premise, though, it is also 
vital to consider that encoding of printed text is a necessary precursor to any cognitive 
processing and that, for any reader, there are both temporal and spatial constraints 
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upon the eye movements that underlie encoding of printed text.  Adults require a 50-
60 ms visual exposure to each word within a sentence; provided the word is visually 
available for this time, cognitive processing can progress unhindered (see Fig. 1) 
(Rayner, Liversedge, White & Vergilino-Perez, 2003).  For children aged 7 years and 
above, there seems to be no developmental change in the speed of visual information 
encoding during fixations in reading (Blythe et al., 2009), and so I will not consider 
the role of temporal limits further in this article; instead, I focus upon spatial 
limitations. 
 
 
Figure 1.  In the disappearing text paradigm, each word literally disappears once it is fixated but then 
reappears once the eyes move to another word within the sentence.  Here, a sequence of fixations on a 
sentence is represented, the position of each fixation in turn being denoted here by an asterisk 
underneath the text.  The delay between fixation onset on a word and the display change is 
experimentally manipulated such that each word receives a brief visual exposure during direct fixation 
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before disappearing.  In the original studies, adult participants read sentences where each word 
disappeared 60 ms after fixation onset on that word (e.g., Rayner et al., 2003).  There was very little 
disruption to the participants’ eye movement behavior as a consequence of this manipulation.  It was 
shown that lexical processing was the key determinant underlying the decision of when to move the 
eyes, as the frequency of a word had an effect on fixation durations even after the word had 
disappeared.  Children from the age of 7 years also exhibited word frequency effects under 
disappearing text conditions (Blythe et al., 2009).  More generally, in global measures such as sentence 
reading times, children were able to read disappearing text without exhibiting signs of disruption to 
their cognitive processing, thus exhibiting similar patterns of data to skilled adult readers. 
 
In addition to the currently fixated word, adult readers process information from a 
small region around the point of fixation termed the perceptual span. The perceptual 
span is estimated to extend three characters left and up to 14 characters right of the 
point of fixation in skilled adult readers (see Fig. 2) (McConkie & Rayner, 1975). 
More detailed information is extracted close to the point of fixation (e.g., letter 
identity), and processing becomes less detailed with increasing eccentricity (e.g., 
limited to word length).  This reduction in processing of more eccentric text is largely 
due to attentional constraints (Miellet, O’Donnell & Sereno, 2009). 
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Figure 2.  The moving window technique, in which a window of visible letters literally moves with 
the participant’s eyes as they read through the sentence (a sequence of five fixations is represented in 
the five rows of this figure, the position of each fixation is denoted by an asterisk in each case).  Letters 
outside the window are distorted, typically being replaced with Xs.  Reading times and eye movement 
behavior are examined across different window sizes (here, a window of 3 characters to the left and 14 
to the right is represented), compared against normal reading where the entire sentence is continuously 
visible, to determine the window size at which measures of reading behavior reach asymptote. 
 
Only two studies have used the moving window technique with children (in which 
a “window” of undisturbed text literally moves with the reader’s eyes as they progress 
through the sentence, while text outside the window is distorted; see Fig. 2).  The first 
of these demonstrated a developmental increase in the perceptual span, such that it 
extends just 11 characters to the right of fixation in 7-year-old children, reaching 
adults levels at around 10- to 11-years (Rayner, 1986).  More recent work has shown 
a similar developmental increase in the letter identity span (the region from which 
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letter identities are processed) (Häikiö, Bertram, Hyönä & Niemi, 2009).  To reiterate, 
these developmental trends are associated with changes in attention allocation over 
the words in a sentence (not changes in visual acuity). 
Critically, parafoveal pre-processing (processing of upcoming words within a 
sentence, before they are directly fixated) is advantageous to the reader, as it reduces 
the amount of processing that must occur once the word is directly fixated.  This has 
been demonstrated by a number of studies using gaze-contingent techniques that 
manipulated the availability of information from the parafoveal word (see Figs. 2 and 
3) (Rayner, Liversedge & White, 2006; McConkie & Rayner, 1975; Rayner, 1975). 
 
 
Figure 3.  The boundary paradigm, in which a preview letter string initially appears on the screen in 
place of a pre-specified target word (Rayner, 1975). A sequence of three fixations is represented here, 
with the position of each fixation denoted by an asterisk. An invisible boundary (represented here by 
the dashed vertical line) is placed in front of the target location, and the preview letter string is replaced 
with the correct target word during the first saccade that crosses the boundary. Two control conditions 
are included – a correct preview condition, where the preview and the target are identical, and a no 
preview condition where none of the features of the target word are available in preview (e.g., 
xxxxxxxx). Additionally, experimental conditions are included in which some of the target word 
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features appear in the preview (in the example above, to examine whether a reader is sensitive to word 
shape in the parafovea, all letters in the preview have been replaced with visually similar letters – 
ascenders replaced with ascenders, descenders with descenders, etc.). Reading times will be shortest in 
the correct preview control condition, and longest in the no preview control condition. Experimental 
conditions that lead to shorter reading times than the no preview condition (e.g., the preview matched 
for word shape) will have, thus, provided some preview benefit (calculated as the difference in reading 
time between the correct preview and the experimental conditions).  Skilled adult readers pre-process 
information regarding the length, shape, orthography, and phonology of the upcoming word in a 
sentence (see Rayner, 2009, for a review). 
 
Denying adult readers the opportunity to pre-process words is detrimental to their 
reading (Rayner et al., 2006), demonstrating that information from any given word in 
a sentence is obtained incrementally from one fixation to the next.  Thus, cognitive 
processing is fundamentally constrained by a reader’s eye movement behavior, the 
region from which they process information during a fixation, and the nature of 
information that is extracted relative to the point of fixation.  Developmental changes 
in the allocation of attention over words within a sentence are likely to be a core 
component of the progression from beginning to skilled reader. Virtually nothing is 
known, however, about children’s parafoveal pre-processing of the upcoming word in 
the sentence (though see Häikiö, Bertram & Hyönä, 2010). 
Two examples, both associated with the allocation of attention during fixations in 
reading, indicate how age-related changes in these behaviors underlie an associated 
change in cognitive processing.  First, children aged 7- to 10-years have a smaller 
perceptual span and extract less information from the parafovea than adults, reaching 
adult levels around 11- to 12-years-old (Häikiö et al., 2009, 2010; Rayner, 1986).  
Experimental comparisons of different participant groups (Rayner, 1986; Chace, 
Rayner & Well, 2005), and manipulations of the text (Rayner, 1986; Henderson & 
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Ferreira, 1990), have demonstrated that the demand on cognitive processing 
associated with identification of the fixated word determines the extent to which the 
reader is able to pre-process upcoming words within the sentence prior to direct 
fixation.  If a beginning reader only achieves minimal pre-processing of an upcoming 
word, then it seems highly likely that processing of that word will take longer once it 
is directly fixated.  Thus, differences in the extent and nature of information that is 
encoded from one fixation to the next will determine the ease with which a word can 
be identified, and studies have already documented changes in the underlying eye 
movement behavior that are directly related to both age and reading skill (Chace et al., 
2005; Häikiö et al., 2009, 2010; Rayner, 1986). 
The second example concerns refixations – those instances where a reader makes 
multiple fixations on a word before moving the eyes onto a different word within the 
sentence.  Children typically make more refixations than adults, and this decreases 
with age (and, presumably, with reading skill) (Blythe et al., 2009; Blythe, Häikiö, 
Bertram, Liversedge & Hyönä, 2011; Joseph, Liversedge, Blythe, White & Rayner, 
2009; Valle et al., 2013).  Disappearing text studies (in which each word literally 
disappears as the reader looks at it, then re-appears once the eyes move to another 
word in the sentence; see Fig. 1) have shown that many of the refixations made by 
children stem from their requirement for a second visual sample, particularly on long 
words (Blythe et al., 2011).  When prevented from making useful refixations on long 
words in disappearing text conditions, children returned to the target word later via a 
regression in order to obtain the necessary second visual sample.  This indicates that, 
during their initial fixation and unlike adults, children were unable to encode the word 
sufficiently for normal cognitive processing to proceed, presumably due to spatial 
encoding limitations.  Again, this demonstrates the dependence of the cognitive 
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processing system upon the eye movements that underlie visual encoding and, 
furthermore, that age-related changes in eye movement behavior can fundamentally 
constrain the reader’s ability to cognitively process a sentence. 
It is vital to distinguish this relationship between eye movements and cognitive 
processing from another argument which has been proposed and largely discredited 
within the literature: that some form of poor, immature, or faulty oculomotor control 
causes reading difficulties (e.g., Bishop, 1989; Kirkby, Blythe, Drieghe & Liversedge, 
2011; Pavlidis, 1981; Rayner, 1985b; Stein, Richardson & Fowler, 2000). I do not 
argue that differences in eye movement behavior are the cause of children’s relatively 
weak reading skills in comparison to adults’.  I suggest that this relationship is 
reciprocal – due to their lower reading skill, a beginning reader will typically process 
less information during any given fixation than a more skilled reader.  This results in a 
different pattern of eye movement behavior that, in itself, constrains the extent to 
which the printed information within a sentence becomes available for cognitive 
processing.  Specifically, a key issue is developmental change in the incremental 
availability of information from one fixation to the next, reflecting an interaction 
between eye movements and ongoing cognitive processing.  I argue, therefore, that 
these two interactive components of sentence reading must be considered together in 
order to fully understand the changes that underlie the progression from beginning to 
skilled reader. 
 
Concluding Remarks 
The two examples described, parafoveal pre-processing and refixations on long 
words, demonstrate the interdependence of a reader’s eye movements and their 
subsequent cognitive processing.  There are two key points to consider: (1) from a 
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relatively young age, children’s eye movements during reading are under cognitive 
control and provide an index of their linguistic processing of the text; and (2) age-
related changes in eye movements fundamentally constrain the time course over 
which printed information is encoded and becomes available to the cognitive 
processing system.  On this basis I argue that, in order to fully understand how a 
beginning reader progresses from single word reading to an adult level of sentence 
reading, it is vital to examine developments in both cognitive processing and in eye 
movement behavior.  Without taking the nature of the reader’s eye movement 
behavior into account, we cannot fully understand how printed text is incrementally 
encoded and processed within a sentence context.  Future work examining 
developments in parafoveal pre-processing that occur in relation to both chronological 
age and reading skill would be one example of how eye movement research will 
continue to inform our understanding of children’s literacy development. 
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2	  It is important to note here the distinction between phonological decoding and 
phonological recoding.  The term phonological decoding refers to the process of 
grapheme-phoneme conversions that is undertaken (often as a result of the phonics 
instruction method employed by teachers) in order for an individual to identify a word.  
Decoding can be characterized as both effortful and requiring attention, and is often 
associated with children learning to read, who may ‘sound out’ a word (either overtly 
or covertly); for example, children in the pre-alphabetic and alphabetic phases (Ehri, 
2005).  In contrast, the term phonological recoding refers to the rapid, pre-lexical, 
non-conscious processing of a printed word’s phonology; this does not necessarily 
involve any articulation of the word’s phonology.  For example, Frost argued, 
“…phonological recoding means recovering this abstract structural representation, 
not transforming it into speech gestures or covertly ‘playing out’ the sounds these 
gestures could create.” (p. 73, Frost, 1998).  Phonological recoding has been 
empirically demonstrated to occur during silent reading in adults, despite the fact that 
neither the stimulus nor the task requires any overt phonological processing (e.g., 
Rayner, Pollatsek & Binder, 1998).	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